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Nuclear matrix is a structural framework of important nuclear processes. We studied the effect of two different types of viral infections on
nuclear matrix. HeLa cells were infected with human rhinovirus 1B (HRV 1B) or measles virus (MV), and Nuclear Mitotic Apparatus protein
(NuMA) and lamins A/C and B were used as markers for internal nuclear matrix and peripheral nuclear lamina, respectively. We show that
NuMA, lamins, and poly(ADP-ribose) polymerase-1 are cleaved during viral infection in a virus family-specific manner suggesting that these
viruses activate different sets of proteases. Morphologically, NuMA was excluded from the condensed chromatin, lamins showed a folded
distribution, and both proteins finally remained around the nuclear fragments. A general caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone (z-VAD-FMK) prevented the nuclear disintegration and the cleavage of the proteins studied. Interestingly, z-VAD-FMK
rescued MV-infected but not HRV 1B-infected cells from cell death. These results show for the first time that NuMA and lamins are specific
target proteins during virus-induced programmed cell death.
D 2004 Elsevier Inc. All rights reserved.Keywords: Nuclear matrix; NuMA; Lamins; Rhinovirus; Measles virus; Apoptosis; Necrosis; Caspases; Caspase inhibitor
Introduction family, and measles virus (MV), belonging to the para-Nuclear matrix is a proteinaceous framework of the
nucleus similar to cytoskeleton in the cytoplasm. Four main
structural components are usually separated in the nuclear
matrix: nuclear lamina, nuclear pores, nucleoli, and the
interior filament network. Functionally, nuclear matrix is
conceived as a highly organized network of proteins, which
is essential in the maintenance of the nuclear structure and
several important cellular processes, such as DNA replica-
tion and mRNA splicing (Nickerson et al., 1995).
In the present study, we wanted to investigate the
changes of nuclear matrix during virus infection. For this
purpose, HeLa cells were infected with human rhinoviruses
1B (HRV 1B) and 9 (HRV 9), belonging to the picornavirus0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2003.11.026
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RNA viruses, but rhinoviruses are non-enveloped viruses
with positive-stranded RNA genome, whereas MV is an
enveloped virus containing negative-stranded RNA. Their
structures are thereby different and also their replication
strategies have very little in common.
Rhinoviruses form the largest genus of the picornaviruses
(Couch, 2001). There are more than 100 rhinovirus sero-
types (Hamparian et al., 1987) and they are considered to be
the most important agent causing common cold (Gwaltney,
1995; Rowlands, 1995). Rhinoviruses are divided into a
major and a minor group depending on the host cell
receptors they use (Hofer et al., 1994; Staunton et al.,
1989). HRV 1B belongs to the minor group of viruses,
which use the low-density lipoprotein (LDL) receptor,
whereas HRV 9 is a representative of the major group using
intercellular adhesion molecule 1 (ICAM-1) as its receptor
(Staunton et al., 1989). MV causes an acute childhood
disease that spreads through the respiratory route. Infection
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acute phase, which increases susceptibility to secondary
infections.
To study changes of nuclear matrix in infected cells,
Nuclear Mitotic Apparatus protein (NuMA) and lamins A/C
and B were used as markers for internal nuclear matrix and
peripheral nuclear lamina, respectively. NuMA is a compo-
nent of nuclear matrix in interphase cells but redistributes to
the spindle pole regions in mitosis (Kallajoki et al., 1991;
Lyderson and Pettyjohn, 1980) to organize the mitotic
spindle (Compton and Cleveland, 1993; Gaglio et al.,
1995, 1996; Kallajoki et al., 1991, 1993; Merdes et al.,
1996; Yang and Snyder, 1992). Several studies suggest that
NuMA can, at least under some circumstances, form or-
dered structures and that it might have a structural role in
interphase nucleus (Gueth-Hallonet et al., 1998; Harborth et
al., 1999). This hypothesis is supported by apoptosis stud-
ies; NuMA is specifically cleaved during receptor-mediated
(Greidinger et al., 1996; Hirata et al., 1998; Taimen and
Kallajoki, 2003) and chemical-induced apoptosis (Gueth-
Hallonet et al., 1997; Hsu and Yeh, 1996; Weaver et al.,
1996). In addition, the cleavage of NuMA has been de-
scribed during necrotic cell death (Bortul et al., 2001).
Although these studies suggest an essential structural role
for NuMA, it is known that some highly differentiated and
non-dividing cell types lack NuMA (Merdes and Cleveland,
1998; Taimen et al., 2000).
Nuclear lamins are a protein family composed of four
different intermediate filament proteins: lamins A, B1, B2,
and C. Lamins can form filament structures (Stuurman et al.,
1998) and they have been shown to maintain, at least
partially, the nuclear integrity and chromosomal organiza-
tion (Luderus et al., 1992). Lamins were among the first
apoptotic target proteins identified (Lazebnik et al., 1995;
Takahashi et al., 1996) and their cleavage has been sug-
gested to play a key role in the apoptotic breakdown of the
nuclear structure (Lazebnik et al., 1995; Rao et al., 1996;
Ruchaud et al., 2002).
Our report takes a new approach in investigating the
mechanisms of virus-induced cell death. Traditionally, cell
death is divided into necrosis and apoptosis. While necrosis
is characterized by swelling of cellular organelles, lysis of
the plasma membranes, and occurrence of inflammation,
apoptosis or programmed cell death shows highly regulated
and evolutionary conserved series of biochemical and mor-
phological changes that remove cells without significant
inflammatory response. These include activation of subfam-
ily of cysteine proteases known as caspases, specific cleav-
age of several target proteins such as DNA fragmentation
factor (DFF-45/ICAD) and poly(ADP-ribose) polymerase-1
(PARP-1) (for review, see Nicholson and Thornberry, 1997),
chromatin cleavage and condensation, shrinking of the cell,
blebbing of cellular membranes, and finally formation of the
apoptotic bodies. Although biochemically and morpholog-
ically very different, apoptosis and necrosis may also share
certain processes and thereby the line between necrotic andapoptotic cell death is to date not that clear (Leist and
Ja¨a¨ttela¨, 2001). MV has been described to induce apoptosis
in vivo (Evlashev et al., 2000; Manchester et al., 1999;
McQuaid et al., 1997) and in vitro (Esolen et al., 1995; Ito et
al., 1996, 1997; Vuorinen et al., 2003). There is also
evidence indicating that picornavirus-infected cells undergo
apoptosis (Agol et al., 1998; Carthy et al., 1998; Jelachich
and Lipton, 1996; Tolskaya et al., 1995; Tsunoda et al.,
1997), but so far no studies concerning human rhinoviruses
have been reported.
By studying the changes in structural proteins of the
host cell nucleus, we show that although HRV 1B and MV
result in very different morphological features in infected
HeLa cells, they both finally induce cell death characterized
with caspase activation, chromatin fragmentation and con-
densation, and cleavage of cellular target proteins, such as
NuMA, lamins, and PARP-1. Interestingly, these changes
are virus-specific and they likely have different mecha-
nisms since pan-caspase inhibitor z-VAD-FMK almost
entirely blocks cell death in MV-infected but not in HRV
1B-infected cells.Results
HRV 1B and MV infections result in chromatin condensation
and redistribution of NuMA and nuclear lamins
To study the changes of nuclear matrix in virus-infected
cells, preliminary experiment with several viruses was done.
HeLa cells were infected with human adenovirus, herpes
simplex virus 1 (HSV-1), human rhinovirus 1B (HRV 1B)
and 9 (HRV 9), and measles virus (MV), and the fate of
NuMA, lamins A/C and B, and PARP-1 was analyzed by
Western blotting. Two of the viruses showing the most
distinct effects, HRV 1B and MV, were chosen for further
analysis. To study the morphological changes of nuclear
matrix, HeLa cells were infected with HRV 1B or MV with
the same multiplicity of infection of 0.1 and prepared for
immunofluorescence analysis. Cells were double stained
with antibodies detecting either NuMA or lamin A/C and
viral proteins. In uninfected cells, NuMA antibody showed a
normal diffuse or slightly granular staining of nuclei exclud-
ing nucleoli, whereas lamin A/C antibody detected the
nuclear lamina. One hour postinfection (p.i.), HRV 1B
antibody showed small bright spots on the plasma membrane
of the infected cells, apparently indicating the attached
viruses (Fig. 1). At 12 h p.i., HRV 1B had passed one or
two replication cycles and the cells showed a large amount of
viral proteins in the cytoplasm. Some of the cells had started
to shrink and detach but no changes were detected in the
distribution of NuMA, lamin A/C, or DNA. Finally, at 24
h p.i., some cells showed partial chromatin condensation
(data not shown). NuMA started to separate from the
condensed chromatin, whereas lamins A and C formed a
wrinkled staining pattern instead of the normal round shape.
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these cells, both NuMA and lamin A/C seemed to encircle
the nuclear fragments.
A different cellular morphology was seen in MV-infected
cells (Fig. 2). The inoculum virus of MV on the plasma
membrane and the increase of viral proteins in the cyto-
plasm were observed at 1 and 12 h p.i., respectively, and
typical multinucleated syncytia started to form by 24 h p.i.
(data not shown). Surprisingly late, at 48–72 h p.i., cyto-
plasmic blebbing and chromatin condensation in the center
of the large syncytia were detected. Similar to HRV 1B-
infected cells, NuMA was excluded from the condensed
chromatin and the staining for lamins A and C lost its round
shape and got wrinkled and indistinct. In general, these
changes were more difficult to characterize in MV-infected
cells than in HRV 1B-infected cells due to huge amount of
viral proteins and overlapping nuclei.
In addition to lamin A/C, we characterized the changes of
lamin B during HRV 1B and MV infections (data not
shown). These found out to be nearly identical to lamin
A/C. The only difference was a bit higher cytoplasmic
staining of lamin B in late apoptotic cells.
HRV 1B and MV infections result in caspase-3 activation,
PARP-1 cleavage, and TUNEL positivity
Because both viruses resulted in chromatin condensation
and cytoplasmic blebbing, we wanted to study whether this
phenomenon is due to caspase activation and apoptotic cell
death. We stained HRV 1B- or MV-infected cells as well as
control cells with antibodies detecting specifically either
cleaved active caspase-3 or the 85-kDa cleavage product of
poly(ADP-ribose) polymerase-1 (PARP-1). Cleavage of
DNA repair-associated enzyme PARP-1 by caspase-3 and
-7 into the 85-kDa fragment is considered as one character-
istic of apoptotic cell death (Germain et al., 1999; Tewari et
al., 1995). Fig. 3A shows that HRV 1B-infected cells, in
which NuMA is redistributed and chromatin is condensed,
stained with both antibodies, whereas cells with normal
nuclear morphology did not. In MV-infected cells, no
cleaved caspase-3 or p85 fragment of PARP-1 positive cells
were noticed until large multinucleated syncytia were
formed. At 48 h p.i., a few active caspase-3 positive
syncytia and p85 fragment of PARP-1 positive nuclei inFig. 1. The redistribution of NuMA and lamin A/C during HRV 1B infection. HeLa
stained with NuMA and HRV 1B or lamin A/C and HRV 1B antibodies at differen
anti-rabbit secondary antibodies were used. Samples were counterstained for DNA
membrane (arrows). Twelve hours postinfection, an increase of viral proteins in th
condensed chromatin and apoptotic bodies are seen in HRV 1B-infected cells. NuM
fragments (arrows). Lamins A and C show a folded distribution and often encircle
Fig. 2. The redistribution of NuMA and lamin A/C during MV infection. HeLa cell
with NuMA and MV or lamin A/C and MV antibodies at different time points.
secondary antibodies were used. Samples were counterstained for DNAwith Hoec
(arrows). Twelve hours postinfection, an increase of viral proteins in the cytoplasm
multinucleated syncytia. NuMA is separated from the condensed chromatin (arrow
nuclear remnants (arrow). Phase contrast view shows cytoplasmic blebbing. Scalthe center of syncytia were observed (data not shown) and
their amount became more evident at the later time points
(96 h p.i.; Fig. 3A). These syncytia usually showed cyto-
plasmic blebbing and chromatin condensation in the nuclei.
In noninfected control cells, only few single positive cells
were noticed after 72–96 h, which correlates well to the
amount of apoptotic cells in a normal cell population (e.g.
<1% of the cells).
In TdT-mediated dUTP Nick-End Labeling (TUNEL)
assay, both HRV 1B- and MV-infected cells showed apo-
ptotic bodies with TUNEL-positive chromatin clumps (Fig.
3B), whereas in noninfected control cells, only few single
positive cells were observed (data not shown).
HRVand MV infections result in cleavage of NuMA, lamins,
PARP-1, and pro-caspases-8, -3, and -7
To analyze possible processing of NuMA, lamins,
PARP-1, and several pro-caspases, HRV 1B- and MV-
infected cells were harvested every 24 h for 4 days and
prepared for Western blot analysis. To test whether proteo-
lytic changes were also shared with other rhinoviruses,
cells were infected with rhinovirus 9 (HRV 9). As shown in
Fig. 4, a 238-kDa full-length NuMA was gradually cleaved
into approximately 190- and 180-kDa fragments in HRV
1B-, 9-, and MV-infected cells. In addition, an approxi-
mately 160-kDa fragment was detected in HRV 1B- and 9-
infected cells. The antibody against 70-kDa lamin A and
60-kDa lamin C detected cleaved approximately 62- and
50-kDa fragments in HRV 1B- and 9-infected cells after 2
days. The approximately 50-kDa fragment was also
detected in MV-infected cells but the heavier fragment
had an approximate molecular weight of 68 kDa, suggest-
ing that lamin A is cleaved at different site in HRV- and
MV-infected HeLa cells. In all virus infections, lamin B
was cleaved into approximately 45-kDa fragment after 2
days. However, in HRV 9-infected cells, the amount of
cleaved lamin B was significantly lower, similar to the
control level. A 116-kDa full-length PARP-1 was cleaved
into 85-kDa fragment in all samples. Interestingly, a partial
cleavage of PARP-1 into approximately 50-kDa and minor
approximately 60-kDa fragments was also observed in
HRV 1B- and 9-infected cells but these fragments were
not detected in MV-infected cells. Only a minimal cleavagecells grown on glass coverslips were infected with HRV 1B, fixed and double
t time points. FITC-conjugated goat anti-mouse and TRITC-conjugated goat
with Hoechst. One hour postinfection, viruses have attached to the plasma
e cytoplasm can be seen (arrows). Forty-eight hours postinfection, heavily
A is separated from the condensed chromatin and located outside the nuclear
the nuclear fragments (arrows). Scale bar = 10 Am.
s grown on glass coverslips were infected with MV, fixed and double stained
FITC-conjugated goat anti-mouse and TRITC-conjugated goat anti-rabbit
hst. One hour postinfection, viruses have attached to the plasma membrane
can be seen. Seventy-two hours postinfection, chromatin is condensed in
s) whereas lamins A and C show a wrinkled staining pattern and encircle the
e bar = 10 Am.
Fig. 1.
Fig. 2.
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Fig. 3. HRV 1B and MV infections result in cleavage of pro-caspase-3, poly(ADP-ribose) polymerase-1 (PARP-1), and DNA. (A) HeLa cells grown on glass
coverslips were infected with HRV 1B or MV, fixed and double stained with NuMA and cleaved caspase-3, NuMA and p85 fragment of PARP-1, MV and
cleaved caspase-3, or MV and p85 fragment of PARP-1 antibodies at different time points as indicated. FITC-conjugated goat anti-mouse and TRITC-
conjugated goat anti-rabbit secondary antibodies were used. Samples were counterstained for DNA with Hoechst. Note that HRV 1B-infected cells, in which
NuMA is redistributed, stain with cleaved caspase-3 and p85 fragment of PARP-1 antibodies. Similarly, MV-infected syncytia, which stain with MVantibody,
stain with both antibodies. (B) HeLa cells grown on glass coverslips were infected with HRV 1B or MV, fixed and prepared for TUNEL assay as described in
Materials and methods, and finally stained with HRV 1B or MV antibodies. Samples were counterstained for DNAwith Hoechst. Note that cells, which stain
with HRV 1B or MV antibodies and in which chromatin is condensed, are TUNEL-positive. Scale bar = 10 Am.
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Fig. 4. NuMA, lamins, PARP-1, and pro-caspases-8, -3, and -7 are cleaved in HRV 1B-, HRV 9-, and MV-infected HeLa cells. HeLa cells grown on a
monolayer were infected with HRV 1B, HRV 9, or MV and prepared for SDS-PAGE at different time points as indicated. Equally loaded gels were run and
immunoblotted with NuMA, lamin A/C, lamin B, PARP-1, caspase-8, -3, or -7 antibody. Filters were also immunoblotted with polyclonal HRV 1B and MV
antisera to confirm progression of infection (a slight cross reaction of the antibody between HRV 1B and 9 was detected). NuMA, lamins, PARP-1, and pro-
caspases-8, -3, and -7 are cleaved and viral proteins accumulated after 2 days. Note that NuMA and PARP-1 are nearly entirely but lamins A/C and B only
partially cleaved on day 4. NuMA, lamin A/C, PARP-1, and caspase-7 antibodies detect different cleavage products in HRV- and MV-infected cells when
compared to each other.
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control cells after 4 days.
As NuMA, lamins, and PARP-1were cleaved, we detected
simultaneous cleavage of pro-caspase-8, -3, and -7 presum-
ably due to their activation. The 55/57 kDa pro-caspase-8 was
cleaved into approximately 42/44 kDa fragments in the
presence of all viruses. In addition, the accumulation of
approximately 25-kDa cleaved fragment was detected in
HRV 1B-infected cells. Pro-caspase-8 cleavage was signifi-
cantly lower in HRV 9-infected cells than in HRV 1B-
infected cells. The 35-kDa pro-caspase-7 was cleaved into
two approximately 31- and 33-kDa fragments in HRV 1B-
and 9-infected cells but only the approximately 31-kDa
fragment was detected in MV-infected cells. The diminishing
of approximately 32-kDa pro-caspase-3 was detected with all
viruses. However, it was only marginally cleaved in HRV 9-
infected cells when compared to other viruses. The active
forms of caspase-3, -7, or -8 were not detected in Western
blots.
Z-VAD-FMK rescues MV-but not HRV 1B-infected cells
from cell death
To study the influence of caspase activity on the mor-
phology of infected cells and on the cleavage of cellular
proteins, we did the experiment in the presence of pan-
caspase inhibitor z-VAD-FMK. In uninfected control cells,
the incubation with 100 AM z-VAD-FMK had effect neither
on the cell morphology nor on the proteins studied (data not
shown). In inhibitor-treated HRV 1B-infected cells, a delay
in cell death was observed (Fig. 5A). Cells shrank, detached
partially, and there were alterations in the chromatin struc-
ture. Although chromatin was partially condensed, we did
not see the formation of apoptotic bodies. NuMA was also
partially condensed and separated from the chromatin but it
remained in the nuclear remnant surrounded by the wrinkled
lamina. As judged by phase contrast microscopy and altered
chromatin structure in DNA stain, most of the infected cells
died in the presence of z-VAD-FMK indicating that inhibi-
tion of caspase activity does not rescue cells from HRV 1B-
induced cell death.
In MV-infected cells, the result was clearly different (Fig.
5A). Up to 48 h p.i., z-VAD-FMK-treated cells showed a
morphology identical to the untreated cells but thereafter we
noticed neither chromatin condensation nor membrane bleb-
bing. Instead, we observed the formation of larger multinu-
cleated syncytia with intact nuclei, based on normal
distribution of NuMA, lamin A/C, and DNA.
To find out whether caspase activity was truly inhibited
in z-VAD-FMK-treated cells, we stained the cells with
active caspase-3 and p85 fragment of PARP-1 antibodies.
HRV 1B- or MV-infected cells treated with z-VAD-FMK
were negative with both antibodies (data not shown). MV-
infected cells showed a few p85 fragment of PARP-1
positive nuclei after 72 and 96 h, but these cells had normal
chromatin structure as judged by DNA stain (data notshown). Despite of partial chromatin condensation, z-
VAD-FMK-treated HRV 1B-infected cells were TUNEL-
negative (Fig. 5B).
The morphological observations were confirmed by
immunoperoxidase staining. When comparing z-VAD-
FMK-treated HRV 1B-infected cell cultures to untreated
ones, there seemed to be a slight accumulation of infected
cells (Fig. 6) but no significant difference in the amount of
new virus particles formed as determined by virus infectiv-
ity assay (data not shown). In MV-infected cells, however,
the morphological difference between z-VAD-FMK-treated
and untreated cell cultures was more pronounced (Fig. 6).
Opposite to the untreated culture, where a high number of
positive foci of different sizes were detected, only multinu-
cleated syncytia occurred in the z-VAD-FMK-treated cul-
ture. This suggests that in the treated culture, the infection
had proceeded only by fusion of the cells.
Z-VAD-FMK inhibits the cleavage of NuMA, lamins, and
PARP-1 in HRV 1B- and MV-infected cells
Samples from z-VAD-FMK-treated and untreated infected
cells were subjected to Western blot analysis. Fig. 7 shows
that 100 AM z-VAD-FMK inhibits the cleavage of NuMA,
lamins, and PARP-1 both in HRV 1B- and MV-infected cells.
In HRV 1B-infected cells, the cleavage of NuMA, lamin B,
PARP-1, and pro-caspase-3 was completely inhibited, where-
as the cleavage of lamin A and pro-caspase-7 was inhibited
only partially. In MV-infected cells, the inhibition of NuMA,
lamin A, and lamin B cleavage was complete but a partial
cleavage of PARP-1 into 85-kDa fragment was detected also
in the presence of z-VAD-FMK, which obviously correlates
to the amount of p85 fragment of PARP-1 positive cells seen
in the immunofluorescence analysis after 72 and 96 h (see
above). The inhibition of pro-caspase-3 cleavage was en-
sured by using the cleaved caspase-3 specific antibody. The
amount of pro-caspase-8 seemed to remain stable in all
samples, which is presumably because cells were harvested
before the completion of infection (48 and 72 h for HRV 1B
and MV, respectively) and the amount of processed caspase-
8 was too small to detect.
One point of interest was how z-VAD-FMK and the
inhibition of caspases would affect the viral infection itself
and the production of viral proteins. The amount of
approximately 35-kDa HRV 1B viral protein was almost
identical in z-VAD-FMK-treated and untreated cells but
interestingly, appearance of two approximately 65- and 70-
kDa proteins was also detected. These proteins, not ob-
served in untreated HRV 1B infected cells, may present
incompletely processed forms of HVR 1B viral polypro-
tein. Thereby, we cannot exclude the possibility that z-
VAD-FMK partially disturbs the normal processing of viral
proteins. The amount of MV viral protein was slightly
higher in untreated MV-infected cells but no specific
changes in protein pattern were detected. These results
show that z-VAD-FMK inhibits several late features of
Fig. 5.
Fig. 6.
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proteins and fragmentation of DNA without affecting the
progress of viral infection itself remarkably.Discussion
Mode of cell death in HRV 1B- and MV-infected HeLa cells
Viruses can result in either apoptosis or necrosis in a host
cell. In the previous studies, some members of picornavirus
family have been shown to induce apoptosis in host cells.
These include poliovirus (Agol et al., 1998; Tolskaya et al.,
1995), coxsackievirus B3 (Carthy et al., 1998), and Theil-
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ton, 1996; Tsunoda et al., 1997). In the present study, we
noticed activation of caspases, chromatin condensation and
fragmentation, and specific cleavage of several caspase
target proteins in HVR 1B- and 9-infected cells, which
shows that the cell death induced by rhinoviruses is, at least
partially, apoptotic. On the other hand, although more than
95% of the cells in the samples were infected after 72 h, as
judged by immunofluorescence analysis (data not shown),
not all cells were cleaved caspase-3, p85 fragment of PARP-
1, or TUNEL positive. Furthermore, whereas MV infection
leads to complete specific cleavage of PARP-1 into the 85-
kDa fragment, HRV 1B- and 9-infected cells showed
additional approximately 50- and 60-kDa cleavage products.
Similar-type cleavage of PARP-1 into 85 kDa and smaller
‘‘atypical’’ fragments have been described during necrotic
(Casiano et al., 1998; Gobeil et al., 2001) and non-caspase-
mediated programmed cell death (Pink et al., 2000). There-
by, it is possible that HRV infection activates other proteases
than caspases, too.
In MV-infected cells NuMA, lamin B and PARP-1 were
cleaved into the fragments described in apoptotic cell death
(Nicholson and Thornberry, 1997). Although increasing
data exist concerning the mechanisms of apoptosis in MV-
infected cells, this phenomenon is still not completely
understood. One candidate in this signaling is Fas/APO-1/
CD95 receptor. Servet Delprat et al. (2000) have shown that
in MV-infected dendritic cell-T-cell co-cultures, apoptosis of
dendritic cells is Fas mediated, whereas T cell apoptosis
cannot be inhibited by blocking the Fas pathway. The
apoptosis of dendritic cells is likely connected to MV-
induced production of functional TRAIL (tumor necrosis
factor-related apoptosis inducing ligand), which can trigger
apoptotic cell death machinery (Vidalain et al., 2000). This
is also a possible signaling mechanism in HeLa cells since
HeLa cells go Fas receptor-mediated apoptosis under certain
circumstances (Holmstrom et al., 1999).
The effects of pan-caspase inhibitor
HRV 1B-infected cells showed cell death and changes
in chromatin structure in the presence of z-VAD-FMKFig. 5. Z-VAD-FMK inhibits chromatin cleavage, formation of apoptotic bodies,
infected HeLa cells. (A) HeLa cells grown on glass coverslips were infected with
stained with NuMA and HRV 1B, lamin A/C and HRV 1B, NuMA and MV, or l
were counterstained for DNAwith Hoechst. Note that HRV 1B-infected cells show
partially separated from the chromatin. MV-infected cells do not show nuclear
coverslips were infected with HRV 1B in the presence of 100 AM z-VAD-FMK, f
and then stained with HRV 1B antibody. Sample was counterstained for DNAwith
condensation in Hoechst stain, these cells are TUNEL-negative. Scale bar = 10 A
Fig. 6. Z-VAD-FMK results in accumulation of cells in HRV 1B-infected and fo
infected HeLa cells. HeLa cells were infected with HRV 1B or MV in the absence o
or MVantiserum. HRP-conjugated secondary antibody was used. Note that the am
cells when compared to untreated HRV 1B-infected cells. Z-VAD-FMK-treated M
cells. Scale bar = 50 Am.(Fig. 5). These cells were negative in TUNEL assay and
when stained for active caspase-3 and p85 fragment of
PARP-1, showing that they were not apoptotic. This type
of cell death is morphologically similar to incomplete
apoptosis seen in Fas-treated HeLa cells in the presence
of caspase inhibition (Taimen and Kallajoki, 2003).
However, these cells may also be necrotic due to the
blockade of cellular protein synthesis. MV-infected cells,
on the contrary, lacked all features of cell death when
treated with z-VAD-FMK. Only a minimal cleavage of
PARP-1 was detected after 72–96 h culture period. It is
unclear how these differences between HRV 1B and MV
originate. It is most probable that this is due to different
replication mechanisms and cytopathic effects but neither
can we exclude that this is because of different rate and
efficiency of infections to induce apoptosis in HeLa cells.
Carthy et al. (1998) have shown that the cytopathic
effect of coxsackievirus B3 (CBV3), another member
of picornavirus family, is not inhibited in the presence
of z-VAD-FMK. Consistent with our studies, z-VAD-
FMK blocked the caspase-3 activation and cleavage of
PARP-1 and DNA fragmentation factor. However, they
did not study whether these cells had any changes in the
chromatin structure. Because HRV 1B but not MV
infection results in chromatin changes and cells die also
during caspase blockade, it is possible that HRV 1B
activates other proteinases in addition to caspases (as
discussed earlier).
One of the most interesting findings of the present
study was the effect of z-VAD-FMK on the progression
of MV infection. Although we were not able to detect
clear changes in the MV viral protein production, it
resulted in dramatic changes in the cell culture. Large
multinucleated cells, obviously originating from infection
by the inoculum virus, were detected in the z-VAD-FMK-
treated cell culture, but no infected single cells were
observed. This indicated that the pan-caspase inhibitor
disturbed initiation of new infection cycles in non-neigh-
boring cells. Because there was no significant reduction in
the release of new virions, this shows that MV infection
and replication is effective in the absence of caspase
activation, too.and typical redistribution of NuMA and lamin A/C in HRV 1B- and MV-
HRV 1B or MV in the presence of 100 AM z-VAD-FMK, fixed and double
amin A/C and MV antibodies at different time points as indicated. Samples
partial chromatin condensation in the presence of z-VAD-FMK. NuMA is
changes in the presence of z-VAD-FMK. (B) HeLa cells grown on glass
ixed and prepared for TUNEL assay as described in Materials and methods
Hoechst. Note that although HRV 1B-infected cells show partial chromatin
m.
rmation of atypical large syncytia and lack of infected single cells in MV-
r presence of 100 AM z-VAD-FMK for 72 h, fixed and stained with HRV 1B
ount of adherent cells is increased in z-VAD-FMK-treated HRV 1B-infected
V-infected cells show fewer and larger syncytia than untreated MV-infected
Fig. 7. Z-VAD-FMK inhibits the cleavage of NuMA, lamins, PARP-1,
and pro-caspases-8, -3, and -7 in HRV 1B- and MV-infected HeLa cells.
HeLa cells grown on a monolayer were noninfected or infected with
HRV 1B or MV in the absence or presence of 100 AM z-VAD-FMK for
48 h (HRV 1B) or 72 h (MV) and prepared for SDS-PAGE. Identically
loaded gels were run and immunoblotted with NuMA, lamin A/C, lamin
B, PARP-1, caspase-8, caspase-3, cleaved caspase-3, caspase-7, HRV
1B, or MV antibody. Note that z-VAD-FMK inhibits totally the cleavage
of NuMA, lamin B, PARP-1, and pro-caspase-3 but only partially the
cleavage of lamin A/C and pro-caspase-7 in HRV 1B-infected cells.
HRV 1B antibody detects two extra bands in HRV 1B-infected cells in
the presence of z-VAD-FMK (two upper arrows). In MV-infected cells,
z-VAD-FMK inhibits totally the cleavage of NuMA, lamin B, and pro-
caspase-3 but only partially the cleavage of lamin A/C and PARP-1. No
specific processed forms of caspase-8 can be observed in any of the
samples.
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The cleavage products of NuMA seen in this study are
highly similar to those seen in previous studies with cultured
cells, in which apoptosis was induced by physiological or
nonphysiological stimuli (Casiano et al., 1996; Greidinger et
al., 1996; Gueth-Hallonet et al., 1997; Hirata et al., 1998;
Sanghavi et al., 1998; Taimen and Kallajoki, 2003; Weaver
et al., 1996). The proposed proteinase cleaving NuMA is
caspase-3 because NuMA is not cleaved in apoptotic
caspase-3-deficient MCF-7 human breast cancer cells (Tai-
men and Kallajoki, 2003). Interestingly, we now observed a
differential cleavage of NuMA in HRV- and MV-infected
cells, suggesting that HRV and MV activate different pro-
teases in HeLa cells. Neither can we exclude that this is due
to activity of HRV-specific viral proteinases.
Lamin B was cleaved into approximately 45-kDa frag-
ment which has been observed in many models of apopto-
tic cell death (Broers et al., 2002; Lazebnik et al., 1995;
Slee et al., 2001; Taimen and Kallajoki, 2003). Lamin A/C
cleavage produced typical approximately 50-kDa fragment
but also a virus family-specific lamin A cleavage into
approximately 62- and 68-kDa fragments in HRV- and
MV-infected cells, respectively. The machinery of this
virus-specific proteolysis is again unknown. However, it
is unlikely that this is due to caspase activity because all
lamins contain specific caspase-6 cleavage site (VEID) in
the central rod domain of the molecule. The existing data
suggest that caspase-6 is essential only for lamin A
cleavage, whereas lamin B seems to be cleaved by another
proteinase, probably by caspase-3 (Slee et al., 2001). The
fact that lamin B was proteolyzed almost completely while
lamin A/C only partially favors the hypothesis that different
proteases are involved. This phenomenon was also noticed
in our earlier studies (Taimen and Kallajoki, 2003) as well
as in a recent study with apoptotic CHO-K1 cells (Broers et
al., 2002). Lamin B seems to play a critical role in the
maintenance of nuclear structure, whereas lamin A/C seems
to be more connected to the higher structural functions and
regulation of gene expression (Lloyd et al., 2002; Ozaki et
al., 1994). Whether differential cleavage of A- and B-type
lamins has any role in the apoptotic degradation of the
nuclear lamina is not known. However, it seems that only
this partial cleavage of A-type lamins is needed for its
complete disintegration (Broers et al., 2002).
MV-infected apoptotic cells usually contained many
nuclei surrounded by one plasma membrane but the changes
in the distribution of NuMA and lamins (Fig. 2) were
basically similar when compared to HRV 1B-infected cells
(Fig. 1) or to cells induced to apoptosis by chemicals
(Gueth-Hallonet et al., 1997) or by stimulation of Fas
receptor (Taimen and Kallajoki, 2003). NuMAwas excluded
from the condensed chromatin, whereas nuclear lamina got
wrinkled. Both proteins seemed to remain mostly outside
the nuclear fragments within apoptotic bodies. de Noronha
P. Taimen et al. / Virology 320 (2004) 85–98 95et al. (2001) have described that expression of human
immunodeficiency virus-1 (HIV-1) Vpr, a nucleocytoplas-
mic shuttling protein, induces herniations in the nuclear
envelope associated with defects in the nuclear lamina. In
our studies, this kind of changes were not detected and it is
likely that this is a HIV-1/lentivirus-specific cytopathic
effect, which contributes to the cell cycle arrest typical for
HIV-1-infected cells.
In summary, our study shows that NuMA and lamins
are target proteins during programmed cell death induced
by viral infection. This seems to be a late effect due to
caspase activity rather than a result of virus replication and
blockade of cellular protein synthesis. Because both
NuMA and lamins can form ordered structures (Harborth
et al., 1999; Stuurman et al., 1998) and bind to certain
DNA sequences (Luderus et al., 1992, 1994), it is possible
that cleavage of these proteins, at least partially, results in
breakdown of nuclear structure. The changes in NuMA and
lamins can be used as markers for detection of nuclear
breakdown in virus-infected cells and they serve as poten-
tial indicators of different protease activities. The charac-
terization of these underlying protease cascades and
especially their initiation would clarify many unknown
mechanisms of viral pathogenesis.Materials and methods
Cell culture and viruses
HeLa SS6 cells (ATCC, a gift from John Eriksson, Turku
Centre for Biotechnology, Turku, Finland) were cultured in
DMEM supplemented with 10% fetal calf serum, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 Ag/ml streptomy-
cin. Cells were cultured in 92-mm Petri dishes and passaged
twice a week into a concentration of approximately 106
cells/dish. Cells were infected with the same multiplicity of
infection (m.o.i.) of approximately 0.1. The Halonen strain
of MV, HRV 1B, and HRV 9 with a high infectivity titer
(107 pfu for MV estimated by plaque-forming assay, Vain-
ionpa¨a¨ et al., 1978, and 108 TCID50 for HRVs, obtained
from ATCC) were used. Control cells and cells infected with
MV, HRV 1B, or 9 were maintained at 37 or 33 jC,
respectively, with 5% CO2.
Antibodies and reagents
Mouse monoclonal NuMA antibody detecting N-terminal
part of NuMA (aa 255–267) was used (SPN-3 clone, Kalla-
joki et al., 1991, 1993). Mouse monoclonal lamin A/C
antibody, goat polyclonal lamin B antibody, and mouse
monoclonal PARP-1 antibody were purchased from Novo-
castra Laboratories (Newcastle upon Tyne, UK), Santa Cruz
Biotechnology (CA, USA), and Sigma (St. Louis, MO,
USA), respectively. Rabbit polyclonal antibody detecting
cleaved p85 fragment of PARP-1 and rabbit monoclonalantibody detecting cleaved caspase-3 (Asp 175) were
obtained from Promega (Madison, WI, USA) and Cell
Signaling Technology (Beverly, MA, USA), respectively.
Rabbit polyclonal caspase-8 antibody (Ab-4) was purchased
fromNeoMarkers (Fremont, CA, USA) and rabbit polyclonal
caspase-3 antibody and mouse monoclonal caspase-7 anti-
body from BD Pharmingen. Rabbit polyclonal rhinovirus 1B
antiserum, rabbit polyclonal measles virus antiserum, and
mouse monoclonal measles virus antibody were produced at
the Department of Virology, University of Turku. FITC-
conjugated goat anti-mouse IgG was purchased from Cappel
Laboratories (Couchranville, PA, USA), TRITC-conjugated
goat anti-rabbit IgG from Zymed Laboratories (San Fran-
cisco, CA, USA) and HRP-conjugated goat anti-rabbit IgG
from Dako Immunochemicals (Klostrup, Denmark). Perox-
idase-labeled secondary antibodies were sheep anti-mouse
IgG (Amersham, Buckinghamshire, UK), donkey anti-rabbit
IgG (Amersham), and rabbit anti-goat IgG (Zymed). Benzy-
loxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-
FMK) was obtained from Bachem (Bubendorf, Switzerland),
dissolved into chloroform–methanol and added into cell
culture 30 min before infection. A 100-AM concentration
was used, which in normal conditions inhibits caspase
activity and blocks apoptotic cell death (manufacturer’s data).
Immunofluorescence microscopy
For immunofluorescence microscopy, cells were grown
on 12-mm glass coverslips. At the time intervals indicated in
the Results, cells were washed once with PBS (145 mM
NaCl, 7.5 mM Na2HPO4, 2.8 mM NaH2PO4). Cells were
fixed in 3.7% formaldehyde in PBS for 15 min at room
temperature, permeabilized with 0.1% Triton X-100 in PBS
for 15 min, and washed with PBS. The coverslips were
treated with 5% normal goat serum (Dako) in PBS for 30
min, washed three times with PBS, and incubated with
primary antibody/antibodies for 2 h at room temperature.
Coverslips were washed three times with PBS and then
incubated with secondary antibody/antibodies for 1 h at
room temperature. After washing three times with PBS,
samples were stained for DNAwith Hoechst 33258 (1 Ag/ml
in 25% ethanol/75% PBS) for 5 min and embedded in
Mowiol 4.88 (Hoechst AG, Frankfurt, Germany). All sam-
ples were analyzed using Olympus BX 50 fluorescence
microscope (Olympus Optical Co. LTD, Tokyo, Japan)
and AnalySIS software (Soft Imaging Systems).
TUNEL assay
TUNEL assays were performed using the DeadEnd
Fluorometric TUNEL System (Promega). Cells grown on
coverslips were first fixed and permeabilized as described
above. Samples were pre-equilibrated with equilibrate buff-
er for 10 min at room temperature and then incubated with
buffer containing equilibrating buffer, nucleotide mix, and
TdT enzyme for 1 h at 37 jC. The reaction was terminated
P. Taimen et al. / Virology 320 (2004) 85–9896immersing the samples in 2 SSC (1 SSC; 0.15 M NaCl,
0.015 M trisodium citrate) for 15 min at room temperature.
Samples were then washed three times in PBS for 5 min,
stained with HRV 1B and MV antibodies and for DNAwith
Hoechst, and analyzed as described above.
Electrophoresis and immunoblotting
Cells were scraped into the medium and cell suspensions
were centrifuged at 1000  g for 5 min, washed with PBS,
and finally pelleted at 12000  g for 5 min. Cell numbers
were counted with hemocytometer. Cell pellets were sus-
pended directly into hot SDS-PAGE electrophoresis sample
buffer at a concentration equivalent to 107 cells/ml and
sonicated for 5 s. Samples were loaded on 5% polyacryl-
amide gels for NuMA, on 10% gels for lamins, PARP-1, and
viral proteins, and on 10%, 12%, or 14% gels for caspases.
Two parallel gels were run: one for Coomassie brilliant blue
staining to control equal loading and another for immuno-
blotting. Proteins were transferred electrophoretically to
nitrocellulose (Schleicher & Schuell, Dassel, Germany) in
a buffer containing 25 mM Tris, 192 mM glycine, 0.05%
SDS, and 10% methanol at 300 mA constant current for 1.5
h. The transfer was controlled by Ponseau red staining. The
filters were pre-incubated in 4% bovine serum albumin
(BSA) in 0.2% Tween 20 in TBS (Tris-buffered saline: 20
mM Tris–HCl, pH 7.4, 0.15 mM NaCl) overnight, washed
two times with 0.2% Tween 20 in TBS, and incubated with
primary antibody diluted in 1% BSA, 0.2% Tween 20 in
TBS for 2–3 h at room temperature or for 16 h at +4 jC.
The filters were then washed three times with 0.2% Tween
20 in TBS and incubated for 1 h at room temperature with
peroxidase-labeled secondary antibody diluted 1:1500–
4500 in 1% BSA, 0.2% Tween 20 in TBS. After four
washes with 0.2% Tween 20 in TBS, the immunoreactivity
was detected by using enhanced chemiluminescence reac-
tion (ECL Western blotting detection system, Amersham).
When incubated with another primary antibody, filters were
first washed with 0.2% Tween 20 in TBS, then incubated at
+50 jC with stripping buffer (2% SDS, 100 mM h-mer-
captoethanol, 63 mM Tris, pH 6.8) for 1 h and finally
washed four times with 0.2% Tween 20 in TBS before pre-
incubation in 4% BSA.
Immunoperoxidase staining and virus infectivity assay
Immunoperoxidase staining of untreated and z-VAD-
FMK-treated HRV 1B- or MV-infected HeLa cells grown
on polystyrene plastic plates was performed as described
earlier (Waris et al., 1990). Briefly, 100 AM z-VAD-FMK
was added into cell cultures 30 min before infection. One
hour postinfection, the cultures were washed extensively
with PBS to remove the inoculum virus and fresh medium
containing 100 AM z-VAD-FMK was then added to the
cultures. At 48 and 72 h p.i., the supernatants were collected
for virus infectivity assay and cells were fixed with cold75% acetone for 15 min at +4 jC. After 30 min incubation
with 5% nonfat milk in PBS, the cells were stained with
either polyclonal MV or HRV 1B antiserum as primary
antibody and HRP-conjugated secondary antibody. 3-Ami-
no-9-ethylcarbazole dissolved in dimethylformamide was
used as chromogen.
The amount of infectious virus was determined by
incubation of dilution series of supernatants from z-VAD-
FMK-treated and untreated MV-infected cells on mono-
layers of Vero cells of monkey kidney origin (ATCC) on
12-well plates. The plates were incubated for 6 days and
stained with crystal violet. Virus titers were determined by
standard plaque counting (Vainionpa¨a¨ et al., 1978). For both
HRV1B- and MV-infected samples, virus titers were deter-
mined also by TCID50 method. HRV 1B was titered in HeLa
cells, whereas Vero cells were used for MV.Acknowledgments
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